of multiple flamelets, each having a different history, sigthe NO x and soot models were set as recommended nificantly improves the description of the ignition phase, by Belardini et al. [6]. The trade-off curves for both leading to a better prediction of pressure, heat release and models and the experiments are shown in Fig. 1. exhaust emissions of soot and NO x . The effect of the The RIF model predicts the NO x emissions very number of flamelet particles on the predictions is well and slightly over-predicts the soot emissions, discussed. which, however, are still in the correct order of magnitude. The trends for NO x and soot are also well Key words: CFD modelling, diesel engines, combustion, reproduced. The Magnussen model [4] shows a sigflamelet, emissions nificantly stronger decrease of the NO x emissions on the EGR rate than the experiment. The extended Zel'dovic mechanism only accounts for thermal NO,
Abstract: An overview over flamelet modelling for turbuunder diesel engine conditions using n-heptane as lent non-premixed combustion is given. A short review of fuel. In 1996 Pitsch et al.
[2] investigated the pollutprevious contributions to simulations of direct injection ant formation in a Volkswagen direct injection (DI) (DI) diesel engine combustion using the representative diesel engine, also fuelled with n-heptane. Different interactive flamelet concept is presented. A surrogate fuel exhaust gas recirculation (EGR) rates were conconsisting of 70 per cent (liquid volume) n-decane and 30 sidered and the well-known trade-off between NO x per cent a-methyl-naphthalene is experimentally comand soot was reproduced by the simulations. The pared to real diesel fuel. The resemblance of their physical significance of the scalar dissipation rate repand chemical properties is shown to result in very similar resenting strain effects on the ignition and combuscombustion and pollutant formation for both fuels.
tion process, especially the ignition delay time, was In order to account for variations of the scalar dissishown. pation rate within the computational domain, a method Barths et al. [3] compared results of simulations using multiple flamelets, called the Eulerian particle using an eddy dissipation model [4] in combination flamelet model, is used. A strategy is described for subwith the extended Zel'dovich NO x mechanism and dividing the computational domain and assigning the the Hiroyasu soot model [5] (see the Appendix) to resulting subdomains to different flamelet histories repthose obtained with the RIF model. The tuning parresented by Eulerian marker particles. Experiments conameters (for ignition and combustion) in the former ducted with an Audi DI diesel engine and diesel fuel are models were adjusted for the baseline case (0 per compared to simulations using the surrogate fuel. The use cent EGR) and then held constant. The constants for
Introduction
and therefore misses contributions from other mechanisms (see below) that contribute to NO x formation. The soot emissions are overpredicted by more than First the representative interactive flamelet (RIF) concept was applied to a spray in a high-pressure, high-an order of magnitude, although they show the right dependence on the EGR rate. The parameters of the temperature combustion bomb by Pitsch et al. [1] . Their paper focused on soot formation and oxidation Hiroyasu soot model could have been adjusted to yield better results, but it was not the aim of that For 0 per cent EGR thermal NO is the dominating production path. Prompt NO contributes less than work to calibrate this model. The contributions of the different reaction paths to the NO production in the 5 per cent to the overall NO formation. After the partially premixed burning phase at around 3°CA RIF model of 0 and 53 per cent EGR are shown in Figs 2 and 3 respectively. ATDC (crank angle after top dead centre) the nitrous oxide and reburn paths began to reduce the NO thereby links the flamelet to an individual history of the flamelet parameters (pressure and scalar dissi-concentration until the reactions ceased at about 50°p ation rate). Although n-decane is a better lubricant CA ATDC. Therefore the NO x emissions at 0 per cent than n-heptane, its resemblance to diesel is still poor EGR are lower than with thermal NO alone.
due to the lack of aromatic compounds. Due to the dilution of the mixture by the recircu-This problem was resolved using a mixture lated gases the maximum temperature in the cylinder of n-decane and a-methyl-naphthalene as surrodecreases with increasing EGR rate. Although thergate fuel. The liquid mixture consists of 70 per cent mal NO production is reduced by more than a factor (liquid volume) n-decane and 30 per cent a-methylof ten, it is still the most important production path, naphthalene. Its detailed chemical kinetics were thoreven in the 53 per cent EGR case. Figure 3 indicates oughly investigated in the IDEA-EFFECT program that now the prompt NO and nitrous NO paths sigand will be called IDEA fuel in the following. The nificantly increase rather than reduce the NO concenphysical and chemical properties of the IDEA fuel tration. This explains why the Magnussen model, and diesel are very similar. The densities at standard which only accounts for thermal NO production, conditions are 817 kg/m3 for the IDEA fuel and shows a stronger decrease of NO with increasing 840 kg/m3 for diesel compared to 730 kg/m3 for EGR rate.
n-decane. The cetane number for diesel is 53 while This example demonstrates the necessity of using it is 56 for the IDEA fuel. a comprehensive chemical mechanism for predic-Barths et al. [8] used this model and compared it tions of pollutant formation as in the RIF model.
to experiments conducted with diesel. The pollutant Once the model parameters for the spray and the emissions ( NO x and soot) of the simulations for full scalar dissipation rate have been set for the baseline load agreed with the experimental results within a case (0 per cent EGR), the results for the other EGR range of 8 per cent. rates were obtained with the same set of parameters.
All the above-mentioned computations were per-In contrast, for the eddy dissipation concept the formed simulating different versions of the VW TDI ignition and combustion parameters had to be 1900 cm3 diesel engine. Hasse et al. [9] investigated the adjusted for each EGR rate.
effect of post-injection in a large-bore diesel engine. He The CPU (central processing unit) time needed for was able to reproduce the measured trends of an NO x the RIF calculations was 120 hours on a CRAY J90, increase and a soot reduction. Hergart et al. [10] where 50 CPU hours were needed by the compuapplied the RIF concept to the simulation of the Ford tational fluid dynamics (CFD) code and 70 CPU DIATA four-valve engine with 300 cm3 displacement hours by the RIF code respectively. After both codes per cylinder, equipped with a common rail injection were optimized the CFD code was 10 times faster, system and turbocharger. He investigated the effect of consuming only 5 CPU hours, and the RIF code was varying injection timing and EGR. 70 times faster, taking 1 CPU hour.
In this study a detailed description of the represen-Although using a simple surrogate fuel like tative interactive flamelet concept is given. Then the n-heptane is instructive for fundamental research, it mathematical derivation for the Eulerian particle flahas some serious disadvantages when used in melet model (EPFM) as recently described by Barths engines. It has very poor lubrication properties and et al. [11] is outlined. Experimental results comparing therefore leads to severe wear of the fuel injection diesel and the IDEA fuel are subsequently discussed. system. In addition, its physical and chemical
The model is used to simulate an Audi DI diesel properties are too different from real diesel. Hence, engine. A strategy for the subdivision of the compuexperiments with diesel cannot be compared to tational domain into different flamelet subdomains simulations using n-heptane. In addition, it was is introduced and is then applied to the prediction observed that in computations with only one flamelet of pollutant emissions caused by two injector nozzles the heat release in the partially premixed phase was having different flowrates. Finally, the effect of multoo strong, leading to an overprediction of the mixtiple flamelets on ignition, combustion and pollutant ing process which enhanced turbulence due to the formation is described and discussed. too-rapid thermal expansion.
The latter problem was addressed by Barths et al. [7] . In this study n-decane was used in the experi-2. Modelling Approach ments as well as in the simulations. Multiple flamelets were used, each attached to a marker particle Crucial for reacting turbulent flows is the modelling of the chemistry. Here, a flamelet approach is which is convected through the flow field and employed in combination with a presumed beta gaseous phase. They are determined by the spray model. The Schmidt numbers Sc Z B and Sc Z 0 ◊2 are probability density function (b-PDF) whose shape is defined by the mean and the variance of the con-assumed to be constant. For the present study a value of 0.9 was taken for both. The source term in served scalar. The b-PDF has been found to be a good approximation for turbulent jets [12] . The method-equation (5) accounting for mass transfer from the droplets was neglected. According to Gill et al. [14] , ology will be outlined in the following sections.
it contributes by only 5 per cent.
CFD code
Once equations (4) and (5) are solved in the CFD The CFD code used in this study is KIVA-3V. It is code the mean species mass fractions can be documented in detail by Amsden [13] . Therefore, computed from only differences from the original version will be described here.
The formation of the energy equation was changed from internal energy to enthalpy H, including the where the presumed b-PDF f Z (g; x, t) is determined chemical heat of formation of the species Dh°f :
by relating its two parameters to the local mean mixture fraction Z B (x, t) and the variance Z 0 ◊2(x, t). The
are provided by the flamelet code, as will be discussed below.
Laminar flamelets
where T is the temperature, c p is the specific heat of The laminar flamelet equations have been derived the mixture, r : is the mean density, H B is the Favre by Peters [15, 16] , where local coordinate transformmean enthalpy, ũ is the velocity vector, p : is the mean ation and boundary layer arguments were used. In pressure, and ẽ is the Favre mean viscous dissipation a recent publication [17] the derivation is generalized and the heat flux vector J 9 is the sum of the contriapplying a two-scale asymptotic analysis. The butions from heat conduction and the enthalpy flux resulting equations are term. No chemical source term appears in equation (2). The mean enthalpy H B is the sum over the
i weighted by the mean mass fraction Y B i :
and From this equation, which neglects fluctuations around the mean values, the mean temperature is
Substantial to the flamelet approach is the assumption that the species mass fractions are a function of In these equations N denotes the number of chemical one conserved, normalized scalar only, the mixture species,
are the heat capacities at fraction Z. In order to determine the shape of the constant pressure, the chemical production rates, the presumed PDF two equations for the mean mixture enthalpies of the chemical species i, the radiative heat fraction Z B and its variance Z 0 ◊2 are solved: loss and the Lewis number of species i respectively. For equations (7) and (8) it is characteristic that
after the transformation into space mixture fraction space the convective terms disappear. Since all scalars are convected with the same velocity in physical q(r : Z 0 ◊2) qt
VZ 0 ◊2 D space no relative convective velocities exist between the mixture fraction and the other scalars such as species mass fractions or temperature. Coupling of + 2m
the equations in phase space to the flow field in physical space occurs through the pressure p and a In equations (2), (4) and (5), Q s and ṙ s represent the mean heat and mass transfer from droplets to the particular parameter, the scalar dissipation rate defined by location x 0 an Eulerian transport equation for this
The scalar dissipation rate represents instantaneous
local diffusion and strain effects by the flow field [15] . In equations (7) and (8) it models the diffusive transport of the reactive scalars in mixture fraction 2.4 RIF concept space.
The coupling between the flow and mixture fraction Unsteady flamelets were used first by Mauss et al.
fields and the flamelets is performed using the rep- [18] to simulate flamelet extinction and re-ignition in resentative interactive flamelet (RIF) concept. The a steady turbulent jet diffusion flame. In a diesel interaction between the CFD code and the flamelet engine the turbulent flow and mixture fields are noncode is shown schematically in Fig. 4 . In the CFD homogeneous. Especially, the scalar dissipation rate code the equations for the flow, turbulence, the will vary spatially and with time. The history of the enthalpy, the mixture fraction and its variance are scalar dissipation rate and the boundary conditions solved. The flamelet parameters x st and p : are passed determine the solution of a flamelet, with the conto the flamelet code. During one time step of the CFD sequence that different flamelet histories must be code the flamelet code solves the unsteady flamelet calculated if these parameters vary too much in the equations with time steps that can be much smaller. physical domain.
In this way the time scales of the fluid dynamics and the chemistry are decoupled.
Eulerian particle flamelet model
Conversely, the flamelet code calculates the It is assumed that different marker particles are introspecies mass fractions Y i (Z, t) from which the mean duced which represent different flamelet histories values are computed using equation (11) . The mean depending on the path a particle takes through the temperature is calculated using equation (3) with the turbulent flow field. The origin of a particle is local mean enthalpy H B taken from the solution of denoted by x 0 . Accounting for this additional equation (2) and is finally passed to the CFD code. dependence, equation (6) has to be changed to For each flamelet a particle equation of the type of equation (12) has to be solved in the CFD code. Since
these equations are of a simple convection-diffusion type, their solution results in only a small penalty in (10) computational cost. Barths et al. [11] show that this equation can be written as
Modelling of the flamelet parameters
The parameters that have to be modelled in equa- (7) and (8) are the pressure p and the scalar dissipation rate x. In most low Mach number applications the pressure can be assumed to be spatially where Ĩ l (x, t) is the probability of finding a particle at location x and time t originating from region x 0,l . constant.
The Z dependence of the scalar dissipation rate x Based on a PDF transport equation for the initial is taken from reference [15] : investigated using a Volkswagen transparent DI 1900 diesel engine. The pollutant concentrations (NO x and soot) in the exhaust gas were measured by Antoni
[21]. The exhaust gas analysis was carried out using standard exhaust instrumentation and a heated gas Assuming that the same dependence is valid for conprobing valve and line positioned just downstream ditional mean scalar dissipation rates, x in equations of the exhaust valve. The soot probing technique was (7) and (8) can be expressed as the Bosch method applying a Bosch smokemeter and NO x probing was carried out with a chemilumi-
nescence analyser (CLD).
For the thermodynamic measurements of the The mean value of the conditional scalar dissipation in-cylinder pressure a standard water-cooled rate x st (x, t), conditional at stoichiometric mixture, is piezoelectric pressure transducer (KISTLER 601, obtained from sensitivity 16 pC/bar) was used, which was mounted instead of a cylinder liner side window. At
TDC (top dead centre) this location is in the crevice region. Due to this positioning the measured where x is the sink term appearing in equation (5) pressure traces are disturbed by pipe oscillations. which is modelled as (cf. reference [19] )
The similarity between diesel and IDEA fuel results in an almost identical behaviour of both fuels
concerning vaporization, ignition and heat release. This is shown in Fig. 5 , where the measured cylinder where c x =2.0. A surface-averaged value for the pressures versus crank angle are plotted for both scalar dissipation rate at stoichiometric mixture for fuels. The start of injection is at 11°CA BTDC (before each flamelet is computed following Pitsch et al. [20] top dead centre). The injected fuel mass is 16 mg. by converting the surface integrals into volume
The pressure traces are hardly distinguishable, integrals. Here it is weighted additionally with the proving the similarity. probability of finding particle l: Figures 6 and 7 show the dependence of the pollutant formation on injected fuel mass for both fuels.
In these figures the exhaust gas values are plotted versus torque rather than injected fuel mass, since the injected fuel mass was not measured on-line with 2.6 Surrogate fuel the experiments, but the torque was. The start of The behaviour of the surrogate fuel IDEA as compared to diesel fuel with respect to emissions was injection (SOI) was at 11°CA BTDC. In all cases ignition occurred at TDC. Figure 6 reveals an almost and combustion as well as formation of soot precursors and NO x . The n-decane mechanism was taken linear increase of the NO [30] . Further formation and growth of The complete chemical reaction mechanism for small polycyclic aromatic hydrocarbons (PAHs) is n-decane and a-methyl-naphthalene comprises 519 included in the mechanism up to PAHs consisting of elementary reactions and 109 chemical species. This four aromatic rings. The formation, the growth and the oxidation of mechanism describes low-temperature auto-ignition soot particles is described by a kinetically based to determine the pollutant concentrations (NO x and soot). NO
x was measured with a chemiluminescence model. A method using statistical moments is employed [27, 31] .
analyser (Horiba Mexa 9100 H). For soot probing the Bosch method was applied (AVL Smokemeter 409).
Experiments 4. Simulations
The investigated engine is a one-cylinder version of the Audi V6 TDI 2.5 litre engine. The only difference The computations started at 180°CA BTDC and ended 140°ATDC at the point where the exhaust is in the shape of the piston bowl, which is flat in order to allow for optical access through a quartz valve opens. The average cylinder pressure and air flowrate were set as measured. The wall tempera-glass window in the piston. The injection system is of a common-rail type with a piezo injector instead tures (450 K) were set such that calculated and measured pressures matched during the compression of the common solenoid injector. This allows for fast control of the injection rate.
phase before injection started. The wall temperatures were held constant during the computations. The The injection rate was measured on a separate test rig using the Bosch EMMI device. Comparing the swirl was set to 0.5 times the number of revolutions of the engine (r/min), which corresponds to the mea-measured needle lift obtained from the test rig and the engine shows very good agreement. This allows sured swirl. The injection nozzle was located on the axis of symmetry. Therefore, only a sector of 72°with the injection rate from the test rig to be used for the engine simulation. The spray parameters were set as periodic boundaries was simulated in favour of computational resources. The number of grid cells at given in Table 1 . The injection rates were taken from the test rig measurements. Since cavitation was TDC was 35 in the radial, 24 in the azimuthal and 17 in the axial directions. This corresponds to a mesh observed in the measurements, the effective nozzle area was reduced to 80 per cent of the actual resolution of 1 mm in the radial and axial directions and 3°in the azimuthal direction. The mesh is nozzle area.
The experiments were carried out using regular displayed in Fig. 8 .
The spray parameters was set as given in Table 1 . diesel fuel. The pressure was measured using an AVL GM 11 G-90 transducer. The intake air was con-
The injection rates were taken from the test rig measurements. Since cavitation was observed in the ditioned and the mass flowrate was determined by an Aerzner device (type 7A). Exhaust gas samples measurements, the effective nozzle area was reduced to 80 per cent of the actual nozzle area. were taken 4.2 m behind the exhaust valves in order
Ignition of diffusion flames
The criteria that are applied for the subdivision of
Model
Audi TDI Displacement volume 416 cm3
the flamelets will now be discussed. Figure 9 , taken maximum temperature of a steady diffusion flame on the SDR for an unsteady diffusion flame. At the ignition limit (x ig ) the ignition delay time is infinity. as a function of the inverse of the scalar dissipation rate (S-shaped curve). Depending on the initial con-It decreases rapidly with decreasing SDR and for small SDR approaches asymptotically the ignition ditions, two stable solution branches are possible between the points denoted by Q for quenching and delay time in a homogeneous reactor. In diesel engines the SDR will initially be infinity I for ignition. Starting from unburnt initial conditions and decreasing the scalar dissipation rate (SDR) from for the first fuel drop when injection starts. It then decreases as the mixture field homogenizes. Since a value that is higher than x ig , the maximum temperature rises only marginally. For those conditions the mixture is unburnt initially, ignition can first occur after the SDR decreases below the ignition the diffusive transport in mixture fraction space is so strong that only cool flames can develop, but thermal limit. Therefore, the history of the SDR becomes more important the closer the SDR is to the runaway is prevented. For SDRs lower than x ig thermal runaway is possible and a steady state solution ignition limit. The relation between the scalar dissipation rate will finally be obtained on the upper branch of the S-shaped curve. and the ignition process is investigated in more detail in the following. Figure 10 displays schematically the The time-scales of the chemistry in a burning diffusion flame are much smaller than the time-scales behaviour of the temperature where a step function of the SDR was imposed on an initially unburnt during ignition. Therefore, the SDR can be increased beyond x ig before the extinction limit denoted by x q unsteady flamelet. The initial and boundary conditions correspond to typical diesel engine con-is reached. Under diesel engine conditions x ig and x q differ by more than one order of magnitude.
ditions. At first the SDR (broken line) was held above the ignition limit (x initial =125 s−1). After 2 ms it Figure 9 also contains a graph which shows schematically the dependence of the ignition delay time was lowered to 0 s−1 (x final ). The corresponding temperature profile at a value of Z=0.1 is rep-relation between the time-scale of the cool flame (t 1 ) and the SDR (x initial ) was investigated for the same resented by the full line. Two characteristic timescales can be identified. The first (t 1 ) is defined by initial and boundary conditions. In this case the SDR was held constant on its initial value. It was found the time interval up to the maximum temperature gradient appearing during the first stage of the tem-that t 1 is rather independent from the SDR, ranging from 0.06 to 0.075 s as the SDR varies from 0 to perature increase (cool flame). The second time-scale (t 2 ), describing thermal runaway, is the time to reach 250 s−1.
It is therefore concluded that the history of the a temperature of 1500 K needed after the SDR is lowered to x final . SDR is not important for the flamelets as long as the decreasing SDR is above the ignition limit for more This numerical experiment was repeated for increasing values of x final until the ignition limit was than t 1 , which usually is the case in diesel engines. reached. The resulting ignition delay times t 2 are plotted in Fig. 11 . Under these conditions the ignition 4.2 Subdivision into different flamelet regions Figure 12 shows the evolution of the SDR for a com-limit for the SDR is approximately 106 s−1. The minimum ignition delay time is t 2 #0.1 and occurs at putation using ten flamelets. After injection starts at 3°CA ATDC the SDR increases rapidly due to x final =0. The same experiments were repeated for an initial SDR (x initial ) of 250 s−1, but the ignition delay turbulence induced by the fuel spray.
Since the mixture field must first evolve with times t 2 changed only marginally. In a second set of numerical experiments the the start of injection, initially only one flamelet is Fig. 11 Time-scale t 2 for the thermal runaway as a function of the scalar dissipation rate. Fig. 12 Evolution of the scalar dissipation rates for the different flamelets.
representative for the whole computational domain. covered by the two flamelets are clearly distinguished. Due to the turbulent mixing process they The probability Ĩ 1 of finding flamelet 1 is therefore one everywhere and equation (12) does not yet need start to overlap and the variance of the SDR increases for each flamelet subdomain until the next subdiv-to be solved. With the evolving mixture field the SDR starts to vary spatially. When this variation exceeds ision proceeds. This process is repeated until the variance of the SDR in the individual flamelet subdo-a certain limit the flamelet is subdivided. This limit was set to a standard deviation of 15 per cent for all mains is low enough and the mean value is able to represent the SDR of that flamelet. the SDR values found in the computational domain. Since only a limited number of flamelets is feasible 4.3 Combustion and pollutant formation at reasonable computational costs three more con-In Fig. 14 the mean cylinder pressure is plotted for straints for the subdivision were imposed to guaranthe experiment with injector type A (dotted line), a tee a meaningful distribution of flamelets. The first simulation with ten flamelets (thick line) and a simuis that subdivision is first allowed when the SDR lation with one flamelet (thin line). By the time starts to decrease. Moreover, flamelets that contain ignition occurs (7°CA ATDC) the SDRs of the flameless mass than 0.5/n max times the total mass in the lets vary strongly between 20 and 110 s−1. Thus, the domain are not allowed to be subdivided (where n max flamelets ignite consecutively, corresponding to the is the maximum number of flamelets). Finally, the level of their SDRs, and the pressure for the portion of stoichiometric mixture within the flamesimulation with ten flamelets follows very closely lets being subdivided must be larger than 0.5/n r , with n r the number of flamelets present. These criteria are fulfilled at 4.9°CA ATDC and flamelet 1 is subdivided for the first time. All regions where the SDR is larger than mean value of the former flamelet domain are attributed to the new flamelet. In the regions the probability of finding the new flamelet is set equal to the probability of finding the former flamelet (Ĩ 2 =Ĩ 1 ) and the probability of finding the former flamelet is then equal to zero (Ĩ 1 =0). In regions where the SDR is lower than the mean value the probability of finding the new flamelet is set to zero (Ĩ 2 =0) and the probability of finding the former flamelet remains the same. Then for both flamelets new mean SDRs are computed. The PDFs of the SDR for the whole domain and the two flame- the measured curve. Simulations using 20 and 50 for both NO x and soot. With one flamelet, NO x is overpredicted by 20 per cent while the soot level is flamelets were also performed, but the pressure was hardly distinguishable from the one with ten flame-even lower than with multiple flamelets. Both trends can be attributed to the stronger mixing in the simu-lets and is therefore not explicitly shown. In the simulation with one flamelet, ignition is delayed by lations using only one flamelet; this is caused by the very rapid heat release in the case with one flamelet, 2°CA. Because all the partially premixed part of the mixture ignites simultaneously the heat release is which leads to a likewise strong expansion. As a consequence the turbulence intensity u T rises more much stronger, resulting in a steep pressure gradient. The strong heat release also induces enhanced turbu-strongly than in the more realistic case with multiple flamelets. This is documented in Fig. 15 , which lent mixing due to thermal expansion. Therefore, the pressure is overpredicted when using only one shows the cylinder-averaged values for the turbulence intensity (u=k0.5) and the integral length scale flamelet.
This also has consequences for the pollutant pre-(L=k1.5/e) for one and ten flamelets respectively. Again, the individual results for multiple flamelets dictions, as can be seen in Table 2 . The NO
x level with 10, 20 and 50 flamelets is reproduced excel-(10, 20, 50) are visually not discernible. The first increase of the turbulence intensity is generated by lently. The deviation is less than 5 per cent. A lower value for NO x is expected since in the experiments the injected fuel. Initially the turbulence intensity is the same for both cases until ignition (7°CA ATDC) diesel was used, while the simulations were performed using the IDEA fuel which produces slightly occurs in the case with ten flamelets. Then the decrease of the turbulence intensity is moderately less NO
x , as was shown in Fig. 6 . The soot emissions of this engine are very low. The simulations with 10, slower than with one flamelet. When ignition (9°CA ATDC) occurs in the case with one flamelet the tur-20 and 50 flamelets predict half of the measured soot value. Considering the complexity of soot formation bulence intensity rises until 10.5°CA ATDC, where it again starts to decay. Afterwards its level remains and oxidation as well as experimental uncertainties, this also can be considered as a good result. The higher than in the case with ten flamelets. In contrast the turbulent integral length scale L is practically the difference between the pollutant predictions for the cases with 20 and 50 flamelets are below 0.1 per cent same in both cases. Since the tubulent viscosity is Table 2 Pollutant concentrations in the exhaust gas. defined by n=Lu, the mixing process is faster with of the soot mass concentration in the exhaust gas while the predictions do not follow this trend. This one flamelet than with multiple flamelets, leading to a stronger heat release and a higher pressure.
behaviour will be investigated in more detail below. The different histories of the flamelets are shown With the same criteria for the flamelet subdivision a simulation for injector type B (flowrate of in Figs 17 and 18 . Three temperature profiles in mixture fraction space corresponding to flamelets 1, 2 600 cm3/min) was performed using ten flamelets. The pressure trace ploted in Fig. 16 again agrees well and 7 are displayed at 7.5°CA ATDC, where ignition occurs, and at 8.5°CA ATDC. In Figs 17 and 18 the with the measured one. The maximum is slightly higher in the simulation. The time of ignition is pre-value of x st is lowest for flamelet 1 and highest for flamelet 7. The value of x st for flamelet 2 represents dicted exactly. The predicted NO
x value is 548 ppm compared to 573 ppm in the experiment (Table 2) .
approximately the average value in the combustion chamber. According to equations (7) and (8), the This corresponds to a difference of approximately 5 per cent. The soot prediction of 0.33 mg/m3 is higher diffusive transport in mixture fraction space for the flamelets is proportional to the value of x st . than the measured value. Comparing the two types of injectors, it is interesting to note that, whereas the Therefore, a low value of x st is equivalent to a low heat loss and low radical transport from the reaction NO
x predictions give quantitatively reliable results within 5 per cent deviation, the soot predictions only zone, resulting in an earlier temperature rise. At 7.5°C A ATDC, x st is low enough to allow flamelet 1 to attain the order magnitude of the measurements. Moving from nozzle type A to B there is a decrease ignite. Under diesel engine conditions ignition occurs in the rich part of the flame (Z#0.2). The value of (1, 2 and 7) are shown at 140°CA ATDC. Although the level of x st is low and hardly differs for the differx st in flamelet 2 has reached a level where cool flame burning is possible, and, hence, a moderate tempera-ent flamelets, significant deviations of the NO mass fractions in the flamelets are found. The relative ture rise can be observed compared to flamelet 7, where x st is still too high for any temperature rise in difference between the maximum mass fraction of flamelets 1 and 7 is 30 per cent and 10 per cent the flamelet.
At 1°CA later flamelet 1 has fully ignited over between flamelets 1 and 2 respectively. This is caused by two effects. Under conditions without exhaust gas nearly the entire mixture fraction range between Z=0 and Z=1 and has reached nearly the adiabatic recirculation the thermal NO formation path is predominant. It is strongly temperature dependent flame temperature (Fig. 18 ). Flamelet 2 has ignited and is approximately in the state that flamelet 1 was (increasing with increasing temperature). In a flamelet with an initially higher level of x st the temperature in 1°CA earlier. For flamelet 7, x st is still too high for a visible temperature rise. This process of con-will be lower than in a flamelet with a low value of x st . Therefore, there is a cumulative effect of tempera-secutive ignition of the flamelets is responsible for the gradual pressure rise as displayed in Fig. 14. ture on NO formation. The NO formation by the thermal path will be lower in this flamelet with an The effect of multiple flamelets on pollutant predictions is investigated in Figs 19 and 20. The NO initially higher level of x st , and since NO consumption is negligible to leading order this results in a and soot concentration profiles of the same flamelets lower overall NO level. The second effect is that in tion is located at stoichiometric mixture, where the temperature has its maximum as well. The OH mass a flamelet that ignites earlier more time is available in the high-pressure and high-temperature phase fraction is still high enough to consume the soot completely and prevent it from diffusing to the lean side. around TDC. Hence, more NO is produced.
Even stronger differences in the resulting soot con-This indicates that all soot in DI diesel engines might be consumed if the mixing after ignition is strong centrations (35 per cent) are found. For the soot concentrations both formation and oxidation are equally enough to shift the maximum mixture fraction in the engine below stoichiometric. important. Both processes are temperature dependent. Therefore, neither of them can be neglected,
The soot mass concentrations in the exhaust gas also depend on the state of the mixture field when and simple correlations to the ignition delay time and the temperature level in the flamelet are not the exhaust valve opens. Figure 22 shows the massweighted PDF of the mixture fraction in the cylinder found. This is reflected in Fig. 20 , where the soot concentration profile for flamelet 7 with the highest 140°CA ATDC and the first soot moment in the mixture fraction space taken from a corresponding level of the scalar dissipation rate and the longest ignition delay time lies within the other two. flamelet solution. The maximum mixture fraction is only slightly richer than stoichiometric (Z st #0.065). Figure 21 shows the profiles for the temperature, the first soot moment and the mass fraction of the The profile of the first soot moment taken from the flamelet solution reveals that no soot is found for OH radical as a function of the mixture fraction at 140°CA ATDC. The maximum of the OH mass frac-mixture fractions leaner than stoichiometric. This is due to the still high temperature of approximately computed from the local mean values of the mixture fraction. The maximum value of the mean mixture 1700 K and the still significant amount of OH radicals being present at stoichiometric mixture (Fig. 21) .
fraction is below stoichiometric (Z st ). Therefore, the portion of the mixture fraction PDF that generates Since the soot mass concentration in the simulation is obtained by integrating the product of the PDF the soot level is due to local mixture fraction fluctuations. This portion only contains 0.2 per cent of the and the soot profile in the mixture fraction space, only the region where these profiles overlap contrib-total mass in the computational domain. This shows that the prediction of the soot utes. Soot predictions become very sensitive to the shape of the PDF in this overlap region. In particular, concentration in the exhaust gas is very sensitive to modelling assumptions. These concern not only the this is the case when soot emissions are very low. In contrast, the overlapping region between the NO x assumption of a b-PDF in each grid cell but also the turbulence models applied to obtain equations (4) profile and the mixture PDF is significantly larger. Hence, the NO x prediction is not as sensitive to the and (5). Simplification of the modelling assumptions in these equations (i.e. gradient flux approximation, PDF of the mixture fraction.
It is important to note that the PDF used in Fig. 22 constant ratio of characteristic time-scales for scalar and turbulent kinetic energy dissipation, etc.) intro-has been obtained as a mass-weighted sum of the b-PDF calculated from each grid cell. In Fig. 23 duces uncertainties to which the extreme values mixture fraction are sensitive. In addition, local maxima this distribution is compared to the distribution (and minima) of the mean mixture fraction, which differences for the results (pressure, NO x and soot) between the simulations decrease with increasing have a strong influence on the shape of the PDF in the overlap region, are subject to numerical diffusion number of flamelets showing converging behaviour. The soot emissions show some quantitative devi-due to discretization errors. The effect of both phenomena can be reduced by a higher mesh resolution.
ations. The reasons for these deviations were investigated and it was shown that they are not specific to Unfortunately, this leads to a dilemma due to the well-known grid dependence of the spray model flamelet modelling, but can be attributed to uncertainties introduced by the modelling assumptions [33] . The evaporation rate diverges with increasing mesh resolution. Consequently, for each mesh reso-used for the mixture fraction field and numerical discretization errors. lution a different set of spray parameters has to be used in order to achieve the same results for the The combustion strongly depends on the turbulent mixture field, which is again computed using various mixture field. The computational cost increases with increasing mesh resolution, which is in addition lim-other submodels (spray, turbulence model, etc.) that are all non-linearly coupled and also introduce ited by hardware resources. Therefore, the cost of tuning becomes more and more prohibitive with uncertainties. Therefore, the suggestion that, as with other more precise submodels, the spray model for increasing mesh resolution, although a higher accuracy is indicated for reliable soot predictions. instance, the prediction will show more sensitivity to an increase in the number of flamelets cannot be It should be noted that this is not a specific problem of flamelet modelling. It only becomes apparent discounted. because with this method mixing effects can be distinguished from chemical effects. Again, the parameters, which need to be tuned to where c f denotes the mean fuel mass concentration, obtain the right ignition delay time, are the pree the rate of dissipation of turbulent kinetic energy exponential factor A global and the activation energy and k the turbulent kinetic energy. For the case where E global . R gas denotes the universal gas constant and T B oxygen is the deficient species, the mean fuel mass is the temperature. When 1 per cent of the total fuel concentration c f in equation (18) is replaced by the mass is consumed, the model is switched and the ratio of the mean oxygen mass concentration c O 2 and rate of combustion is determined using equation (21). the stoichiometric oxygen requirement to burn 1 kg
The NO x formation is described only by the of fuel r f : extended Zel'dovic mechanism, the thermal reaction path. This is quite a good approximation, at least for R c2 =A A 
